INTRODUCTION {#SEC1}
============

Aprataxin (APTX) removes the 5′-adenylate (5′-AMP) lesion from abortive ligation products and base excision repair (BER) intermediates ([@B1],[@B2]). APTX has been associated with the BER and single-strand break repair (SSBR) pathways ([@B3],[@B4]), and protein--protein interactions between APTX and BER/SSBR factors, such as X-ray repair cross-complementing protein 1 (XRCC1) and poly\[ADP-ribose\] polymerase 1 (PARP-1), were reported ([@B5]--[@B7]). The APTX protein was also recovered in a DNA polymerase (pol) β immunoaffinity pull down fraction along with other BER/SSBR factors ([@B8]). Mutations in the APTX gene (*aptx*) are linked to the autosomal recessive neurodegenerative disorder Ataxia with oculomotor apraxia type 1 (AOA1) ([@B9]). However, APTX null cells fail to show a hypersensitivity phenotype when treated with DNA damage-inducing agents ([@B10],[@B11]). Similarly, normal repair of base lesions and strand breaks have been reported in an APTX deficient mouse model ([@B12]). One explanation for these observations could be that the APTX deficiency is complemented by other enzymes or repair pathways. In this respect, we previously identified complementation roles of the pol β lyase activity in single-nucleotide (SN) BER and flap endonculease 1 (FEN1) strand excision in the long patch (LP) sub-pathway of BER ([@B13],[@B14]). In this previous study, whole cell extracts derived from both AOA1 patients and APTX^−/−^ DT40 cells were used, and repair of a stalled BER intermediate was demonstrated with the 5′-adenylated-deoxyribose phosphate (5′-AMP-dRP) group via pol β and FEN1 ([@B14]).

APTX is localized in mitochondria and mitochondrial dysfunction in the AOA1 mouse model and in APTX^−/−^ HeLa cells was reported ([@B15]--[@B17]). In mitochondria, pol γ is the main DNA polymerase capable of functioning in mitochondrial DNA replication and BER ([@B18],[@B19]). Pol γ has 5′-dRP lyase activity that appears to contribute to mitochondrial SN BER ([@B20]). Moreover, LP BER mediated by pol γ, along with required nuclease activities, has been identified in mitochondrial extracts, and LP BER was significantly diminished after FEN1 immunodepletion ([@B21],[@B22]). The questions of APTX complementing activity in mitochondria and association with mitochondrial DNA repair in AOA1 pathobiology are under investigation. In an important recent development, however, pol β has been found to have a role in mitochondrial DNA repair ([@B23]).

In the present study, we questioned whether the pol β lyase is capable of serving a back up role during mitochondrial BER in APTX deficient cells. We also tested the activity of purified pol γ against a 5′-adenylated BER intermediate. Purified pol γ had only very weak lyase activity for removal of the 5′-AMP-dRP group, and the accessory subunit of pol γ (pol γB) had no effect on this activity. In mitochondrial extracts from APTX^−/−^ DT40 cells, pol β lyase activity and FEN1-mediated strand excision were able to remove the 5′-AMP-dRP blocking group. However, in mitochondrial extracts from APTX^−/−^ Pol β^−/−^ cells, no activity was observed against the 5′-adenylated BER intermediates. These results highlight the potential of APTX deficiency for harmful effects on mitochondrial genome integrity in the absence of pol β.

MATERIALS AND METHODS {#SEC2}
=====================

Materials {#SEC2-1}
---------

Recombinant wild-type human DNA ligase III, pol β, FEN1 and uracil--DNA glycosylase (UDG), with 84 amino acids deleted from the N-terminus, were purified as described ([@B13],[@B14]). The exonuclease deficient form of the recombinant wild-type human pol γ catalytic subunit (pol γA) and the accessory subunit (pol γB) were purified as described ([@B18],[@B19],[@B24]). Recombinant human APTX and the 5′-DNA adenylation kit were from Fitzgerald and New England BioLabs, respectively. Oligodeoxyribonucleotides with a 6-carboxyfluorescein (FAM) label at the 3′-end were from Integrated DNA Technology. The gapped and nicked DNA substrates used in this study are illustrated in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}. The DNA substrates were 5′-adenylated using DNA adenylation kit as described ([@B13]).

Cell lines and growth conditions {#SEC2-2}
--------------------------------

The wild-type and pol β single knockout (Pol β^−/−^) DT40 cell lines used in this study were reported previously ([@B25]). APTX single (APTX^−/−^) and APTX/Pol β double (APTX^−/−^Pol β^−/−^) knockout DT40 cells were constructed as reported ([@B25]). Briefly, APTX-ecogptR was generated from genomic PCR products combined with the ECOGPTR selection marker gene. Genomic DNA sequences were amplified using the primers 1--4 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}) that were inserted into NheI and AflII sites, respectively, of DT-A-pA/loxP/PGK-ECOGPT-pA/loxP to create APTX-ECOGPTR ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}), using the GENEART seamless cloning and assembly kit (Life Technologies). APTX^−/−^ and APTX^−/−^ Pol β^−/−^ DT40 cells were generated using the clustered, regularly interspaced short palindromic repeat (CRISPR) method as reported ([@B26]). Briefly, the guide sequence (5′-GAGCAGGGGAATCAAAATCT-3′) was inserted into the pX330 vector (APTX-CRISPR), and DT40 cells were transfected with 2 μg targeting vector (APTX-ECOGPTR) and 6 μg of the guide sequence-containing pX330 vector (APTX-CRISPR), using the NEON Transfection System (Life Technologies) and according to the manufacture\'s instructions. After 16 h, the cells were plated in 96-well plates and then subjected to ecogpt (30 μg/ml) selection. The drug-resistant cell colonies were picked on days 6--7 after transfection. The loss of the APTX transcript in these cells was confirmed by RT-PCR using the primers 5 and 6 ([Supplementary Table S2](#sup1){ref-type="supplementary-material"}). The β-actin transcript was analyzed as a positive control for the RT-PCR analysis using the primers 7 and 8 ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). DT40 cells used in this study were cultured and maintained as reported ([@B14]).

Preparation of mitochondrial extracts {#SEC2-3}
-------------------------------------

Mitochondria were isolated from the wild-type, APTX^−/−^, Pol β^−/−^ and APTX^−/−^ Pol β^−/−^ DT40 cells (1.05 g wet pellet) using a two-step discontinuous sucrose gradient method as described ([@B27],[@B28]). Briefly, the mitochondria from the sucrose gradient fraction were pelleted and lysed in 1% Triton X-100, 10% glycerol, 20 mM Tris--HCl, pH 8.0, 0.2 mM EDTA, 14 mM 2-mercaptoethanol and protease inhibitors. The broken mitochondria were centrifuged for 2 h at 50 000 g, and the supernatant fraction was aliquoted, frozen and stored at −80°C.

Immunoblot analysis of mitochondrial extracts {#SEC2-4}
---------------------------------------------

Proteins (25 μg) in purified mitochondrial extract samples were separated by SDS-PAGE using Nu-PAGE 4--12% Bis-Tris minigel electrophoresis and transferred onto nitrocellulose membranes. The membranes were incubated in 5% nonfat dry milk in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBS-T) and then probed with either affinity purified polyclonal antibody to pol β, FEN1 or rabbit monoclonal antibody to pol γ (Abcam). Goat anti-rabbit or goat anti-mouse IgG conjugated to horseradish peroxidase (1:10 000 dilution) was used as secondary antibody (Abcam), and the immobilized horseradish peroxidase activity was detected by SuperSignal West Pico chemiluminescent substrate (Thermo Scientific). Membranes were stripped by incubation in Restore Western Blot Stripping Buffer (Thermo Scientific) for 30 min at room temperature, followed by three washes with TBS-T. Then, the membranes were used for probing with another antibody as above.

Enzymatic assays using purified proteins {#SEC2-5}
----------------------------------------

For DNA ligation assays, the single-nucleotide gapped DNA substrate including tetrahydrofuran (THF), an abasic site analog, at the 5′-end of the DNA in the gap was used ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The ligation reaction by DNA ligase III was measured as described ([@B13]). Briefly, the reaction mixture (10 μl) contained DNA substrate (140 nM) and DNA ligase III (100 nM), 50 mM NaMOPS, pH 7.5, 1 mM DTT, 0.05 mg/ml BSA, 100 mM NaCl, 0.1 mM ATP and 1 mM MgCl~2~. The reaction mixture was incubated at 37°C for the indicated times, and then the reaction was terminated by mixing with gel loading buffer (95% formamide, 20 mM EDTA, 0.02% bromphenol blue, and 0.02% xylene cyanol). The reaction products were separated by electrophoresis in a 15% polyacrylamide gel, and detected by a PhosphorImager as reported ([@B13]).

For dRP lyase activity measurements, the single-nucleotide gapped DNA substrates with a 5′-uracil base, either with adenylation (5′-AMP-dRP) or without adenylation (5′-dRP), were used ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The lyase assays with purified exonuclease deficient catalytic subunit of pol γ (pol γA) or pol β were performed as reported ([@B13]). Briefly, the reaction mixture (10 μl) contained 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, 2 mM DTT, and the indicated concentrations of pol γA or pol β. The reaction was initiated by addition of UDG-pretreated DNA substrates to a final concentration of 100 nM, and the incubation was at 37°C for the indicated times. The reaction products were stabilized by addition of 100 mM NaBH~4~, incubated on ice for 30 min, and then mixed with gel loading buffer. For the single-turnover kinetic measurements, the dRP lyase assays were performed with enzyme in 5-fold excess over the DNA substrate. For the dRP lyase assays in the presence of the purified accessory subunit of pol γ (pol γB), the holoenzyme, including pol γA:pol γB mixture at a 1:4 ratio, was reconstituted as reported ([@B24]). The lyase activity was measured as described above. The reaction products were separated, and the data were analyzed as described above.

The enzymatic assays for APTX deadenylation and FEN1 nucleotide excision activities were as reported ([@B13]). For these assays, the nicked DNA substrate containing 5′-AMP was used ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). Briefly, APTX activity was determined in a reaction mixture (10 μl) including 50 mM HEPES, pH 7.5, 20 mM KCl, 0.5 mM EDTA, 2 mM DTT and 100 nM DNA. FEN1 activity was determined in a reaction mixture (10 μl) including 50 mM HEPES, pH 7.5, 50 mM KCl, 10 mM MgCl~2~, 0.5 mM EDTA and 100 nM DNA. In both cases, the reaction was initiated by addition of 100 nM APTX or FEN1, and the reaction mixture was incubated at 37°C for 15 min. The reactions were stopped by adding gel loading buffer.

For the nicked 3 nucleotide (nt) flap-including DNA substrate ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), FEN1 excision activity was determined as reported ([@B29]). Briefly, the reaction mixture (10 μl) included 50 mM Tris--HCl, pH 7.5, 50 mM KCl, 0.2 mM EDTA, 5 mM MgCl~2~ and 0.1 mg/ml BSA. The reaction was initiated by addition of 100 nM FEN1, and the reaction mixture was incubated at 37°C for 15 min. The reaction products were separated, and the data were analyzed as described above.

Enzymatic assays in mitochondrial extracts {#SEC2-6}
------------------------------------------

The dRP lyase, FEN1 excision and APTX deadenylation assays for reference reactions were performed as described above. The enzymatic activity measurements for the reaction mixtures with mitochondrial extracts were performed as reported ([@B14]). Briefly, the reaction was initiated by addition of mitochondrial extract (15 μg), and the reaction mixture was incubated at 37°C for the indicated times. For the dRP lyase assays with the gapped 5′-dRP or 5′-AMP-dRP DNA substrates, the reactions were terminated by the addition of 100 mM NaBH~4~. For the enzymatic activity measurements with the DNA substrates 5′-AMP or 3 nt-flap, the reactions were stopped by mixing with gel loading buffer. The reaction products were separated, and the data were analyzed as described above.

RESULTS {#SEC3}
=======

DNA ligation by mitochondrial DNA ligase III {#SEC3-1}
--------------------------------------------

To evaluate abortive ligation in mitochondria, the DNA ligation reaction by mitochondrial DNA ligase III was first examined on the single-nucleotide gapped DNA substrate with a 5′-tetrahydrofuran (THF) group in place of the deoxyribose (dRP) abasic site ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). This model ligase substrate mimics a BER intermediate that can be formed during mitochondrial base lesion repair. Ligase failure on such an intermediate could result in formation of the abortive ligation product with an adenylate (AMP) group attached to the 5′-end of the intermediate (Figure [1A](#F1){ref-type="fig"}). The results revealed that abortive ligation occurs with this substrate leading to formation of the 5′-adenylated-THF-containing BER intermediate (Figure [1B](#F1){ref-type="fig"}, lanes 3--7). The enzyme also produced the successful ligation product (Figure [1B](#F1){ref-type="fig"}, lanes 3--7) that was weaker than the abortive ligation product (Figure [1B](#F1){ref-type="fig"}, lanes 3--5).

![Ligation failure by DNA ligase III on the 5′-dRP-including BER intermediate. (**A**) Illustrations of the single-nucleotide gapped DNA substrate with 5′-THF (17^THF^) and abortive ligation product (17^THF^+AMP). (**B**) Lane 1 is the minus enzyme control, and lane 2 is the adenylated oligonucleotide used as a size marker. Lanes 3--7 illustrate abortive ligation products and correspond to time points 10, 20, 30, 40 and 60 s. A representative gel of three independent experiments is presented.](gkx654fig1){#F1}

Pol γ activity against the 5′-adenylated-dRP-containing BER intermediate {#SEC3-2}
------------------------------------------------------------------------

Next the pol γ enzymatic activity against the BER intermediates mimicking abortive ligation products was examined. For this purpose, we constructed a DNA substrate including 5′-AMP-dRP ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). The lyase activity of purified pol γ was compared with that of purified pol β (Figure [2A](#F2){ref-type="fig"}). Pol γ was able to remove the 5′-AMP-dRP group (Figure [2B](#F2){ref-type="fig"}, lanes 8--11), but the activity of pol β was much stronger (Figure [2B](#F2){ref-type="fig"}, lanes 2--6), as expected ([@B13]). In control experiments, we confirmed pol γ lyase activity against the regular BER dRP lyase substrate, i.e., a single-nucleotide gapped DNA with the 5′-dRP group ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), and compared the activity with that of pol β ([Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). Pol γ was active against this substrate ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}, lanes 8--11); the activity was weaker than that of pol β ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}, lanes 2--6), consistent with previous results ([@B20]). Importantly, however, the removal of the 5′-AMP-dRP group by the pol γ lyase activity was much weaker than for 5′-dRP removal, cf. compare lanes 7--11 in Figure [2B](#F2){ref-type="fig"} with lanes 7--11 in [Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}. To extend these observations, we measured the rate of pol γ lyase activity for 5′-AMP-dRP removal under single-turnover kinetic conditions with enzyme in excess over substrate. The data for product formation fit to an exponential curve with a rate constant of 0.03 min^−1^ (Figure [2C](#F2){ref-type="fig"}).

![Purified pol γ lyase activity on the 5′-AMP-dRP-including BER intermediate. (**A**) Illustrations of the single-nucleotide gapped DNA substrate with 5′-AMP-dRP (17^dRP^+AMP) and the dRP lyase reaction product (17-mer). (**B**) Lane 1 is the minus enzyme control. Lanes 2--6 are the positive control reaction products of pol β (20--500 nM), and lanes 7--11 are the reaction products of pol γ (20--500 nM) for removal of the 5′-AMP-dRP group. (**C**) Rate of 5′-AMP-dRP removal by pol γ. The dRP lyase assay was performed under single-turnover conditions with purified pol γ (500 nM) in excess over the DNA substrate (100 nM). A plot of product formation was obtained by fitting the data to an exponential time course, yielding the rate of pol γ as *k*~obs~ of 0.03 min^−1^. The data represent the average of three independent experiments ± SD.](gkx654fig2){#F2}

As a negative control, purified pol γ enzymatic activity was tested against another BER intermediate mimicking an abortive ligation product. For this purpose, a DNA substrate including the 5′-AMP group was constructed ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}), and a comparison of pol γ and the activities of APTX and FEN1 were made ([Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Pol γ failed to function on this substrate ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, lanes 5--10), and this also was true for pol β ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, lane 4), while APTX and FEN1 were active on the ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}, lanes 2 and 3, respectively), as reported ([@B13]).

Effect of the pol γ accessory subunit on the pol γ lyase activity {#SEC3-3}
-----------------------------------------------------------------

The experiments shown in Figure [2](#F2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"} and [Supplementary Figure S3](#sup1){ref-type="supplementary-material"} were conducted with the catalytic subunit of pol γ (pol γA). In order to test the holoenzyme containing the pol γ accessory subunit (pol γB), the holoenzyme was reconstituted by preincubating the purified subunits, and then the lyase activities of the holoenzyme and catalytic subunit alone were compared (Figure [3](#F3){ref-type="fig"}). For the 5′-dRP-containing substrate (Figure [3A](#F3){ref-type="fig"}), the lyase activity was tested in a concentration range (5--100 nM) of the catalytic subunit, pol γA, in the absence (Figure [3B](#F3){ref-type="fig"}, lanes 2--6) and presence (Figure [3B](#F3){ref-type="fig"}, lanes 7--11) of pol γB. The catalytic subunit and holoenzyme exhibited similar lyase activities for 5′-dRP removal (Figure [3C](#F3){ref-type="fig"}). For the 5′-AMP-dRP-containing substrate, we compared 5′-AMP-dRP removal under single-turnover conditions (Figure [3D](#F3){ref-type="fig"}), and the results revealed similar rate constants for the two enzyme forms: 0.036 min^−1^ (pol γA) and 0.04 min^−1^ (pol γA+pol γB).

![Lack of influence of the pol γB subunit on the pol γA dRP lyase activity. (**A**) Illustrations of the single-nucleotide gapped DNA substrate (17^dRP^) and the dRP lyase reaction product (17-mer). (B) Lane 1 is the minus enzyme control. Lanes 2--6 are the reaction products of 5′-dRP removal by pol γA alone (5--100 nM). Lanes 7--11 are the reaction products of 5′-dRP removal by the holoenzyme including pol γA (5--100 nM) plus pol γB (20--400 nM). (C) The graph shows pol γ concentration-dependent changes in the products of 5′-dRP removal in the absence and presence of the pol γB subunit. The data represent the average of three independent experiments ± SD. (D) The rates of the 5′-AMP-dRP removal are 0.036 min^−1^ (pol γA) and 0.04 min^−1^ (pol γA+pol γB). The lyase assays were performed in the absence and presence of pol γ accessory subunit (pol γB) under same single-turnover conditions. The data represent the average of three independent experiments ± SD.](gkx654fig3){#F3}

Characterization of mitochondrial extracts from DT40 cells {#SEC3-4}
----------------------------------------------------------

In control experiments, the presence or absence of pol γ, pol β, and FEN1 in the mitochondrial extracts was verified by immunoblotting ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}), and the deficiency in APTX activity for 5′-AMP removal was confirmed using whole cell extracts from APTX^−/−^ and APTX^−/−^Pol β^−/−^ DT40 cells ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). Purified pol γ is able to remove the 5′-AMP-dRP group (Figure [2](#F2){ref-type="fig"}), but we questioned whether this weak lyase function of pol γ could be strong enough to provide complementation in the case of APTX deficiency during mitochondrial BER. For this purpose, extracts from mitochondria isolated from wild-type, APTX^−/−^, Pol β^−/−^ and APTX^−/−^Pol β ^-/−^ DT40 cells were prepared. Pol β null cells were used to enable the interpretation of results on the pol γ lyase activity ([@B30]). APTX activity was first analyzed in the mitochondrial extracts (Figure [4A](#F4){ref-type="fig"}), and a regular APTX substrate, i.e. nicked DNA with a 5′-AMP group, was used ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). In reference reactions with purified APTX and FEN1, APTX removed the 5′-AMP group (lane 2, Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}), and FEN1 removed the 5′-AMP group along with the adjacent first and/or second nucleotide (lane 3, Figure [4B](#F4){ref-type="fig"} and [C](#F4){ref-type="fig"}). APTX activity, *i.e*., 5′-AMP group removal, in the mitochondrial extract from wild-type cells was observed (Figure [4B](#F4){ref-type="fig"}, lanes 4--11). In contrast, mitochondrial extracts from both APTX^−/−^ (Figure [4B](#F4){ref-type="fig"}, lanes 12--19) and APTX^−/−^Pol β^−/−^ (Figure [4C](#F4){ref-type="fig"}, lanes 4--11) cells were devoid of this activity. In both of these APTX null mitochondrial extracts, FEN1 activity was not detected. This was not in agreement with the strong FEN1 activity observed in whole cell extracts from wild-type and APTX null cells ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}).

![Processing of the 5′-AMP-containing BER intermediate in mitochondrial extracts. (**A**) Illustrations of the nicked DNA substrate with 5′-AMP (18+AMP) and the reaction products of APTX (18-mer) and FEN1 (17- and 16-mer). In panels B and C, lane 1 is the minus enzyme control; lanes 2 and 3 are the reference reaction products of APTX and FEN1, respectively. (**B**) Lanes 4--11 and 12--19 are the reaction products observed in mitochondrial extracts from wild-type and APTX^−/−^ cells, respectively, and correspond to time points 1, 3, 5, 10, 15, 20, 25 and 30 min. (**C**) Lanes 4--11 are the reaction products observed in mitochondrial extracts from APTX^−/−^Pol β^−/−^ cells and correspond to time points 1, 3, 5, 10, 15, 20, 25 and 30 min. A representative gel of three independent experiments is presented.](gkx654fig4){#F4}

The dRP lyase activity was next examined in the mitochondrial extracts (Figure [5A](#F5){ref-type="fig"}). For these assays, the regular BER dRP lyase substrate was used, i.e. a single-nucleotide gapped DNA with the 5′-dRP group ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). In reference reactions with purified pol β, 5′-dRP group removal with this substrate was verified (lane 2, Figure [5B](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). In both wild-type (Figure [5B](#F5){ref-type="fig"}, lanes 3--7) and APTX^−/−^ (Figure [5C](#F5){ref-type="fig"}, lanes 3--7) mitochondrial extracts, a similar amount of product formation for the 5′-dRP group removal was observed. This could be due to 5′-dRP group removal via the pol β lyase activity. However, in mitochondrial extracts from Pol β^−/−^ (Figure [5B](#F5){ref-type="fig"}, lanes 8--12) and APTX^−/−^Pol β^−/−^ (Figure [5C](#F5){ref-type="fig"}, lanes 8--12) cells, comparable amounts of 5′-dRP removal were observed. These results confirmed the presence of pol γ dRP lyase activity in the DT40 mitochondrial extracts.

![Processing of the 5′-dRP-containing BER intermediate in mitochondrial extracts. (**A**) Illustrations of the single-nucleotide gapped DNA substrate before (17^Uracil^) and after (17^dRP^) UDG treatment and the reaction product after 5′-dRP group removal (17-mer). In panels B and C, lane 1 is the minus enzyme control, and lane 2 is the reference reaction product for 5′-dRP removal by purified pol β. (**B**) Lanes 3--7 and 8--12 are the reaction products observed in mitochondrial extracts from wild-type and Pol β^−/−^ cells, respectively, and correspond to time points 5, 15, 30, 45 and 60 min. (**C**) Lanes 3--7 and 8--12 are the reaction products observed in mitochondrial extracts from APTX^−/−^ and APTX^−/−^Pol β^−/−^ cells, respectively, and correspond to time points 5, 15, 30, 45 and 60 min. A representative gel of three independent experiments is presented.](gkx654fig5){#F5}

Mitochondrial extracts were next examined for the presence of FEN1 activity via LP BER (Figure [6A](#F6){ref-type="fig"}). For this purpose, a regular FEN1 substrate, i.e. a 3 nt flap-containing nicked DNA, was used ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). In reference reactions with purified FEN1, the expected nucleotide excision products were observed (lane 2, Figure [6B](#F6){ref-type="fig"} and [C](#F6){ref-type="fig"}). With mitochondrial extract from wild-type (Figure [6B](#F6){ref-type="fig"}, lanes 3--7) and APTX^−/−^ (Figure [6C](#F6){ref-type="fig"}, lanes 3--7) cells, flap removal along with the adjacent first nucleotide excision was observed. In mitochondrial extracts from Pol β^−/−^ (Figure [6B](#F6){ref-type="fig"}, lanes 8--12) and APTX^−/−^Pol β^−/−^ (Figure [6C](#F6){ref-type="fig"}, lanes 8--12) cells, slightly weaker FEN1 excision products also were observed. This could be due to a stimulatory effect of pol β on FEN1 activity, as reported ([@B29]). In order to examine this notion, FEN1 activity was tested in the absence and presence of purified APTX or pol β using this flap-containing DNA substrate ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}). FEN1-mediated nucleotide excision products were observed with increasing concentrations of pol β ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}, compare lane 2 with lanes 3--7), while an effect of APTX on FEN1 activity was not detected ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}, compare lanes 2--7 with lanes 8--13).

![Processing of the flap-including BER intermediate in mitochondrial extracts. (**A**) Illustrations of the DNA substrate (19-mer) and reaction products of FEN1 excision (15- and 14-mer). In panels B and C, lane 1 is the minus enzyme control, and lane 2 is the reference reaction product by purified FEN1. (**B**) Lanes 3--7 and 8--12 are the reaction products observed in mitochondrial extracts from wild-type and Pol β^−/−^ cells, respectively, and correspond to time points 5, 15, 30, 45 and 60 min. (**C**) Lanes 3--7 and 8--12 are the reaction products observed in mitochondrial extracts from APTX^−/−^ and APTX^−/−^Pol β^−/−^ cells, respectively, and correspond to time points 5, 15, 30, 45 and 60 min. A representative gel of three independent experiments is presented.](gkx654fig6){#F6}

Processing of the BER intermediate with the 5′-adenylated-dRP block in mitochondrial extracts {#SEC3-5}
---------------------------------------------------------------------------------------------

Potential APTX deficiency complementation roles of the pol γ lyase and FEN1 nucleotide excision activities were examined using mitochondrial extracts from APTX^−/−^ Pol β^−/−^ DT40 cells (Figure [7](#F7){ref-type="fig"}). For these assays, the substrate was single-nucleotide gapped DNA with the 5′-AMP-dRP group ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}). In reference reactions with purified enzymes, the expected products of APTX, pol β and FEN1 (Figure [7B](#F7){ref-type="fig"}; lanes 2, 3 and 4, respectively) were observed, confirming the status of the substrate (Figure [7A](#F7){ref-type="fig"}). Surprisingly, products of 5′-AMP-dRP group removal and FEN1 excision in this mitochondrial extract were not found (Figure [7B](#F7){ref-type="fig"}, lanes 5--12), even with increased amounts of the mitochondrial extract ([Supplementary Figure S7A](#sup1){ref-type="supplementary-material"}). Note that the mitochondrial extract from APTX^−/−^ Pol β^−/−^ cells was positive for pol γ lyase and FEN1 activities when measured against their regular substrates (Figures [5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}). Thus, with the substrate containing the 5′-AMP-dRP group, the activities of pol γ and FEN1 were not strong enough to provide APTX deficiency complementation. In the mitochondrial extract from Pol β^−/−^ cells, we confirmed 5′-AMP group removal only from this substrate ([Supplementary Figure S7B](#sup1){ref-type="supplementary-material"}).

![Processing of the 5′-AMP-dRP-containing BER intermediate in mitochondrial extracts from APTX^−/−^Pol β^−/−^ cells. (**A**) Illustrations of the single-nucleotide gapped 5′-AMP-dRP-containing DNA substrate (17^dRP^+AMP) and reaction products after pol β 5′-AMP-dRP removal (17-mer), APTX 5′-AMP removal (17^dRP^), and FEN1 removal of 5′-AMP plus one or two nucleotides (16- or 15-mer). (**B**) Lane 1 is the minus enzyme control, lanes 2, 3, and 4 are the reference reaction products of purified enzymes APTX, pol β and FEN1, respectively. Lanes 5--12 are the reaction products observed in mitochondrial extracts from APTX^−/−^ Pol β^−/−^ cells and correspond to time points 1, 5, 10, 15, 20, 30, 45 and 60 min. A representative gel of three independent experiments is presented.](gkx654fig7){#F7}

Complementation of APTX deficiency by mitochondrial pol β {#SEC3-6}
---------------------------------------------------------

Finally, using DT40 cell mitochondrial extracts, we examined a potential APTX deficiency complementation role for mitochondrial pol β ([@B23]). The substrate containing the 5′-AMP-dRP group was used, and mitochondrial extracts from wild-type and APTX^−/−^ DT40 cells were compared (Figure [8](#F8){ref-type="fig"}). For the mitochondrial extract from wild-type cells, formation of the APTX, pol β and FEN1 products was observed (Figure [8](#F8){ref-type="fig"}, lanes 1--11). For the reaction in the mitochondrial extract from APTX^−/−^ cells, APTX activity was deficient and the product corresponding to pol β removal of the 5′-AMP-dRP group was stronger, yet the product of FEN1 excision was also observed (Figure [8](#F8){ref-type="fig"}, lanes 12--22). These results indicate that the pol β lyase and FEN1 excision activities are strong enough in the mitochondrial extract to complement the deficiency in APTX activity. The explanation for the FEN1 activity found in the wild-type and APTX^−/−^ mitochondrial extracts (Figure [8](#F8){ref-type="fig"}), but not in APTX^−/−^ Pol β^−/−^ mitochondrial extracts (Figure [7](#F7){ref-type="fig"}), could be due to a stimulatory effect of pol β on FEN1 activity, as illustrated ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}).

![Complementation of APTX deficiency by pol β and FEN1 for processing of the 5′-AMP-dRP-containing BER intermediate in mitochondrial extracts. Lanes 1--11 and 12--22 are the reaction products observed in mitochondrial extracts from wild-type and APTX^−/−^ cells, respectively and correspond to time points 1, 3, 5, 10, 15, 20, 25, 30, 40, 50, and 60 min. Illustrations of the single-nucleotide gapped 5′-AMP-dRP-containing DNA substrate and reaction products of pol β, APTX, and FEN1 are as presented in Figure [7A](#F7){ref-type="fig"}.](gkx654fig8){#F8}

DISCUSSION {#SEC4}
==========

APTX deficient cells fail to show hypersensitivity to genotoxic agents that generate base lesions and DNA strand breaks, and APTX null mice lack an overt phenotype ([@B10]--[@B12],[@B16],[@B31],[@B32]). These results point to the presence of repair pathways that can compensate for APTX deficiency. For example, regarding stability of the nuclear genome, it was previously demonstrated that pol β and FEN1 could function as back up mechanisms for APTX deficiency in repair of blocks with the 5′-AMP-dRP and 5′-AMP groups ([@B14]).

A lack of coordination during BER can enable premature action by a DNA ligase prior to 5′-dRP removal and gap filling. In this case, 5′-adenylation of the dRP group containing BER intermediate can occur. In a previous study, it was found that nuclear DNA ligases, DNA ligase III/XRCC1 complex and DNA ligase I, can fail when processing this BER intermediate, leading to formation of the 5′-adenylated-dRP block, i.e. 5′-AMP-dRP ([@B13]). Here, the mitochondrial DNA ligase III also failed during repair of abasic sites ([@B33],[@B34]). Similarly, it has been shown that a premature DNA ligation reaction by mitochondrial DNA ligase III can occur when the enzyme attempts to seal a nick with an oxidatively modified 3′-DNA end ([@B35]). Nevertheless, 5′-adenylation of the dRP group stabilizes the BER intermediate against the polymerase lyase reaction in repair of the 5′-AMP-dRP group. Therefore, this DNA intermediate may pose a block to BER, especially in the case of the involvement of a polymerase with weak lyase activity. In this regard, it was known that the activity of mitochondrial pol γ for 5′-dRP group removal is much weaker (∼40-fold) than that of pol β ([@B20]), but the pol γ lyase in repair of the 5′-AMP-dRP group has not been determined.

At the outset of this work, two main complementing activities for mitochondrial APTX deficiency were envisioned: dRP lyase by pol γ or pol β and FEN1-mediated LP BER. We found that the lyase activity of pol γ is very weak against the 5′-AMP stabilized dRP group and this pol γ activity was not strong enough to remove the AMP block during BER. Similarly, we also found that the FEN1-mediated strand excision reaction of the LP BER sub-pathway in mitochondrial extracts was not active against the 5′-AMP block. However, in the mitochondrial extracts from APTX^−/−^ cells, the strong pol β lyase and FEN1 activities appear able to repair the blocked BER intermediates with 5′-AMP-dRP groups. Overall, these results suggest that neither pol γ lyase nor FEN1 is able to complement APTX deficiency in the absence of pol β.

A stimulatory role of the pol γ accessory subunit (pol γB) in processive DNA synthesis, as well as an enhancement in DNA binding and affinity for DNA primer-templates have been reported ([@B24],[@B36]). However, we observed similar lyase activity for the catalytic subunit of pol γ (pol γA), i.e. for either 5′-dRP or 5′-AMP-dRP removal, in the absence or presence of pol γB subunit. The difference between these results and an earlier study that showed pol γB stimulation of the pol γ lyase ([@B36]) could be due to measurement of protein-dRP intermediate cross-linking in the earlier study instead of 5′-dRP group release from the substrate, as shown here.

Previously, a slow rate of DNA repair was reported in the mitochondrial extracts from human AOA1 cells for the 5′-AMP-containing substrate ([@B37]). Our current results demonstrate that this could have been due to a lack of back up enzymes or repair mechanisms, especially those of the pol γ lyase or LP BER. These findings regarding the inability of pol γ to complement APTX deficiency in mitochondria could be useful for understanding the potential for mitochondrial repair mechanisms to modulate AOA1 pathobiology. A potential role of mitochondrial BER deficiency in the pathobiology of neurological diseases such as Alzheimer\'s disease, Huntington\'s disease, Ataxia Telangiectasia, and AOA1 has been proposed ([@B37]--[@B42]), and DNA damage-induced mitochondrial dysfunction has been suggested to be associated with neurological phenotypes of AOA1 patients ([@B37]). Therefore, roles of mitochondrial BER in modifying neurodegenerative diseases are important to consider.
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